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Abstract 
The concepts of third generation solar cells critically depend on the dynamics of ultrafast carrier relaxation and electron-phonon 
interactions on very short times scales. The hot carrier solar cell is a type of third generation cell which especially depends on 
the reduction in the energy relaxation rate in an absorber material. We investigated the ultrafast carrier dynamics in 1 µm bulk 
In0.265GaN thin film grown by a new thin-film growth technique called energetic neutral atom-beam lithography/epitaxy 
(ENABLE) which was done by our collaborators in the Los Alamos National laboratory(LANL), US. Characterization including 
steady state photoluminescence (SSPL), time-resolved photoluminescence (TRPL) and transient absorption (TA) in the time scale 
of picoseconds have been measured and analysed. It indicates the overall relaxation time of our sample is about 22.42ps through 
the Maxwell-Boltzmann approximation. This indicates that the mechanisms are mediated by the Indium content. Moreover, the 
indium fluctuation introduced extrinsic energy states in the forbidden energy as observed through TRPL.
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1. Introduction 
The concepts of third generation solar cells possessing high performance and low cost have drawn great interest in 
the past few decades. The great potential of these cells is due to the reduction of energy conversion loss processes 
including lattice thermalization loss, junction loss, contact loss and recombination loss, which are inevitable in the 
standard single-junction solar cells[1]. The hot carrier solar cell aims to minimize the lattice thermalization loss, so 
that a higher conversion efficiency greater than the Shockley-Queisser efficiency limit of 31% can be 
obtained[2].These cells consist of an absorber sandwiched between two energy selective contacts in principle. In 
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contrast to the devices which have been widely applied in the electronic field, an absorber that can dramatically 
reduce the cooling rate has not yet been found. Thus it is essential to explore materials with respect to carrier 
dynamics and to find an appropriate one with relatively low thermalization rate. According to previous theoretical 
work, there exists a potential to achieve this effect and form a hot carrier distribution in some materials through the 
phonon bottleneck effect[3]. Many categories of materials in bulk and quantum confined structures have been 
studied in experiments to explore such potential. Among them, nitride compounds and nanostructures with the 
structure like GaN/InGaN quantum wells have become one of the promising candidates[4]. However, it is too 
difficult to clearly identify and explain the phenomena occurring in these materials as some are superimposed by 
multiple complicated mechanisms[5]. Therefore it is vital to investigate these materials individually. InGaN alloy is 
one of the materials that are widely used in the blue emitting LDs and LEDs, and its material and optical properties 
have been extensively studied in recent years. However, its ultrafast carrier dynamics related to the field of hot 
carriers has not been thoroughly investigated. In this paper, we present some results of carrier relaxation processes 
within a good quality In0.265GaN thin film grown by energetic neutral atomic-beam lithography/epitaxy (ENABLE). 
ENABLE is a relatively new thin film growth technique developed by our collaborators in the Los Alamos National 
Laboratory (LANL). ENABLE is able to provide a large flux of energetic N atoms rather than the typical ammonia 
precursor in conventional growth techniques (i.e. MBE or MOCVD) and eliminates the need for high substrate 
temperatures making isothermal growth over the entire InGaN alloy composition range possible[6]. The carrier 
dynamics was studied through ultrafast time-resolved photoluminescence (TRPL), transient absorption (TA) and the 
comparison between them. It shows that, a relaxation time as long as 22 ps was found in the sample, this material 
has the potential to become a hot carrier absorber. Moreover, these results will be analysed through a new relaxation 
model to calculate the time scale of thermalization, and radiative recombination, as well as the Auger recombination 
which will play an important role especially at high energy levels. 
 
2. Experimental work 
2.1 Sample Preparation 
This sample consists of two layers of thin film grown by ENABLE on c-plane sapphire (α-Al2O3) substrate. The 
wafer was outgassed at 900  for 20 minutes, and nitridized at 350  for 20 minutes. A few monolayers of the α-Al2O3 
wafer surface were converted into AlN during this process. Then a 120nm AlN buffer layer was grown on the 
nitridized substrate at 800  for 5 minutes. Then a 1000nm In0.265GaN film was grown on the buffer layer at 550  for 
25minutes. The above growth was carried out by our collaborators in the Los Alamos National Laboratory (LANL) .  
2.2 Characterization 
The fundamental crystal and optical properties in this sample were characterized by XRD and steady-state PL at 
room temperature. Since the relaxation processes of carriers after light absorption is normally taking place on time-
scales from tens of femtoseconds to a few picoseconds[7]. The ultrafast laser system that produces pulses with 
femtosecond duration enabled the investigation on the carrier dynamics in real time. This can be achieved by using 
ultrafast TA spectroscopy [8]. In addition, the ultrafast TRPL was also analysed to study the carrier dynamics for 
comparing the results of TA. In our experiment, the fs pump-probe was performed with a transient absorption 
spectrometer (FemtoFrame II, IB Photonics). The excitation source is a 400 nm pulse by an OPA laser (TOPAS, 
Spectra Physics) with 100 fs duration and 1 kHz repetition rate. The probe beam of white light continuum was 
generated by focusing the 1 kHz Ti:Sapphire amplified laser (Spitfire, Spectra Physics) into a BBO crystal, and 
detected by a polychromator-CCD. The time-resolved photoluminescence (TRPL) experiments were performed on a 
Fluomax up-conversion fluorimeter (IB Photonics), similar to that described previously in principle[9]. The 
excitation pulses are of 100 fs duration and repetition of 80 MHz from a Ti: Sapphire laser. Then the second 
harmonic is generated at 400 nm in a BBO crystal and is used as excitation. The excitation power is attenuated and 
the focus spot has a size of 200 mm to keep excitation fluence lower than 50 nJ/cm2. The fluorescence from the 
sample was collected and mixed in a BBO crystal with a variable delayed gating pulse (800 nm, 100 fs) to generate 
a sum-frequency signal. The signal was collected into a dual-monochromators and detected by a photon counting 
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system. The time resolution of the system was determined by correlation between the scattering of the excitation 
pulses and gating pulses as 140 fs and spectral resolution is 2 nm in the visible. All of the measurements were 
performed at room temperature. 
 
3. Results and discussion 
The 2θ XRD measurement of the sample indicated good crystal quality of the sample, where In0.265GaN has the 
strongest signal intensity at the correct indium content peak position (Figure 1).  
 
                                                                                               
                                                    Figure 1. 2θ XRD scan of InGaN. 
3.1 Steady-state Photoluminescence (SSPL) analysis 
The RT SSPL of the sample and its corresponding Gaussian fitting shows a narrow near-band-edge emission peak at 
~573nm (2.16eV) (Figure 2). The small PL signals at ~450nm (2.75eV) imply potential hot carrier phenomena. 
However, the Gaussian statistical function can’t fit the SSPL very well particularly at the high and low energy parts 
shown in figure 2. 
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Figure 2. Gaussian fitting on the steady state PL of In0.265GaN sample. 
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On the other hand, the Boltzmann fitting can be applied in this SSPL for the high energy part. The fitting strategy is 
based on the band-to-band recombination. As InGaN is a direct-gap material, the above-band-gap absorptivity 
increases with the square root of excess photon energy. The fitting energy is described by the following equation: 
ሺሻ ൌ Ƚሺሻଶ൫୉ౝି୉൯Ȁ୩୘ ൅   ቂെ ሺ୉ି୉౮ሻ
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In this equation, the band-to-band recombination intensity relies on both the energy-dependent absorption 
coefficient and the Maxwell-Boltzmann statistical function shown in the first term of equation 1. The expression for  
ߙሺܧሻensures that the above-gap absorption coefficient increases with photon energy by a quadratic relation (Tauc 
law), while the sub-gap absorption tail follows the equation given in literature. The width of the band-tail is 
incorporated with a finite spreading ο [10]. This definition of ߙሺܧሻ used here allows continuity of both ߙሺܧሻ and 
ߙԢሺܧሻat ܧ௚, and obeys the energy dependence of absorption coefficient at both sub-band-gap regime and above-
band-gap regime (see Figure 3). The Maxwell-Boltzmann statistical function is provided as an exponential term, 
describing the energy-dependant variation of state-filling probabilities. 
 
  
   Figure 3. Normalized absorptivity simulated using the equations indicated. 
The second term in equation refers to a Gaussian shape function at low energy part of the emission spectrum, which 
corresponds to the lump at the sub-band-gap wavelengths. This could be attributed to excitonic emission, or non-
uniformity of indium composition (e.g. indium aggregation) in the deposited thin film. Figure 4 shows that equation 
1 can fit SSPL better than Gaussian fitting including some results from the relaxation time approximation model. 
According to the published paper about the Boltzmann fitting on PL spectra, it was believed that this fitting can also 
be applied for the high energy part of TRPL[11].  
1.6 1.8 2.0 2.2 2.4 2.6 2.8
0.0
0.2
0.4
0.6
0.8
1.0
PL
 in
te
ns
ity
 (a
.u.
)
Energy (eV)
 PL intensity
 Fitting curve
 
ߙሺܧሻ ൌ
ە
ۖ
۔
ۖ
ۓ
ͳ
ͳ ൅ ሾሺ݃ܧ െ ܧሻȀ߂ሿ ܧ ൏ ݃ܧ
ඨܧ െ ݃ܧ െ ߂
Ͷ߂ ܧ ൐ ݃ܧ
 
1.6 1.8 2.0 2.2 2.4 2.6 2.8
0.0
0.2
0.4
0.6
0.8
1.0
N
or
m
al
iz
ed
 a
bs
or
pt
ivi
ty
Energy (eV)
 Normalized absorptivity
 Yi Zhang et al. /  Energy Procedia  84 ( 2015 )  165 – 175 169
Figure 4. Combined fitting on the steady state PL of In0.265GaN sample as well as some parameters in equation 1. 
3.2 Time resolved Photoluminescence (TRPL) analysis 
The TRPL can avoid the complicated data analysis because of the interband and intervalley absorptions and the 
scaling of carrier temperatures which are often seen in a pump-probe setup[12]. Thus it is useful to investigate the 
carrier dynamics thought TRPL from the perspectives of spectra and dynamic respectively. 
 
3.2.1 TRPL spectra 
A series of TRPL spectra with different time delays ranging from 0.5ps to 100ps have been measured and some of 
them are shown in Figure 5. The correlated PL peak wavelengths in each time delay exhibited a blueshift with 
respect to the peak intensity (50 and 100ps series excluded). This behaviour is consistent with the band filling effect. 
On the other hand, it also showed a redshift and broadening of PL peak with time delay especially in the time delay 
range from 0.5ps to 20ps. This is attributed to the combined effect of the carrier thermalization and radiative 
recombination. In addition, the strong PL signals at short time delay (i.e. 0.5-2ps) indicated a large population of hot 
carriers distributed at wavelengths around 540nm. 
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Figure 5. TRPL intensity as a function of detective wavelength for different time delays at short time. 
To explore the hot carrier cooling rate, the high energy part of TRPL spectra (i.e.) was thoroughly investigated. It is 
assumed that a Maxwell-Boltzmann distribution of carriers was reflected in the TRPL particularly at high energy 
tails[11] and that it can be described by equation 2, where  is the PL intensity at energy,  is the energy dependent 
absorption coefficient,  is the bandgap energy of 2.16eV and  is the Boltzmann constant. 
ܫሺܧሻ ן ߙሺܧሻܧଶሺെ
ܧ െ ܧ௚
݇஻ ௖ܶ
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Thus the carrier temperature (ୡ) can be estimated roughly fromݐଵሺ݅Ǥ ݁Ǥ ݐଵ ൌ ݇஻ ௖ܶሻ . Figure 6 shows an example of 
Sample Code  Intensity P (W) 
Excitonic emission 
spreading  (eV) 
Bandgap  (eV) 
ENB964 0.0198 0.0645 2.16 
Excess energy   Eg-Ex (eV) Carrier temperature  (K) 
Absorption edge 
broadening  (eV) 
0.0965 655.2495 0.0223 
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Boltzmann fitting using the single exponential approximation in 1ps time delay TRPL spectra, where fitting 
parameters were shown in the inset table. 
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Figure 6. TRPL with 1ps time delay, the red fitting line and corresponding fitting equation. 
 
A similar method was applied to calculate carrier temperature at other time delays. Hence a plot of carrier cooling 
curve is calculated (see Figure 7). In this figure, an exponential decay appears even with two troubling points at 8 
and 100 ps delay. This may be due to the measurement error during the experiment which is very common 
especially in unstable ultrafast measurements. Then a single exponential fitting was applied on the curve in figure 7 
to estimate the hot carrier lifetime (or relaxation time). Around 22ps was required for the carrier temperature to 
reach an equilibrium temperature which is much longer than the femtosecond scale thermalization time in other bulk 
semiconductor materials. This relaxation time is also slightly higher than the one of 20ps in the InN thin film[13]. 
This might be due to the added gallium enhancing the phonon bottleneck effect or the gallium introducing some 
energy states within the bandgap to slow the relaxation process and to re-excite carriers into the conduction band. 
These speculations will be investigated in the TRPL dynamic analysis. 
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Figure 7. Temperature vs time delay with two troubling points at 8 and 100ps. 
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3.2.2 TRPL dynamics 
A dynamic TRPL for four probed wavelengths near emission peak was plotted in figure 8 to investigate the hot 
carrier dynamics. In figure 8, two different tendencies of TRPL signals depending upon the bandgap energy were 
emerged. For the wavelengths of 520 & 540nm (i.e. with energy much higher than the bandgap), the fast decay 
demonstrated that the photoexcitated carriers are thermalized and arrived at energy states far above the conduction 
band edge within a very short time and then relaxed to the lower energy states in a few picoseconds. For the longer 
wavelengths gradually approaching to the bandgap, the PL intensity increased indicating that the carrier relaxation 
time is increasing. In general, the sharp decay at high energy levels can be considered as the characteristic of hot 
carrier cooling and suggests that the dominant mechanism of energy relaxation is carrier-LO-phonon interaction[14].  
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    Figure 8. Dynamic TRPL for different photon energy. 
 
In detail, it showed that PL signals for the wavelengths at low energy of 560 and 580nm (near the band edge) had 
similar decay shape especially after 5ps. For the case of 560nm, the cooling rate gradually decreased after 5ps since 
the accumulation of thermalized carriers at the band edge prevented the hot carriers from further cooling. While for 
the 580nm case where no thermalization will occur, the similar reduced relaxation rate implies that there could be 
some introduced defect states just below the band edge for carrier extrinsic transition. This might be due to the large 
lattice mismatch between InN and GaN resulting in indium aggregation or phase separation which often occur in 
bulk InGaN thin film through the process of spinodal decomposition[15]. Moreover, such processes lead to indium 
composition fluctuation forming InN clusters. With such clusters, some of the carriers are localized in the defect 
states which inevitably affect the optical properties of the InGaN film. The signal at energies below 2.16eV (580nm) 
decayed exponentially with time. In contrast, for energies greater than bandgap, the signal showed an initial fast 
decay followed by a much slower relaxation. The slow decay might be caused by the carrier recombination that can 
be extracted by a single exponential fitting. The fast decay was attributed to mechanisms of hot carrier relaxation 
and defect trapping. A multiple exponential decays mechanisms might contribute to the final results. In order to find 
the defective relaxation time (τdef), the results with 580nm is fitted using single exponential function since the 
thermalization mechanism can be excluded from this fitting. Then the τdef can be used in the other results to 
determine the thermalization time (τth). The calculated results are shown in table 1 below with a comparison of 
results which are fitted by a single exponential function. According to the fitting results in this table, the single 
exponential one has τth   almost twice that with a double exponential which is consistent with the hot carrier 
distribution. Such similar relaxation rates also might be due to the band-tail states or the Stokes shift.  
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Table 1 Time constant for two different delay mechanisms with and without defect   
Unit in picosecond single exponential decay) double exponential decay) 
detective wavelength tth td tth 
520 4.54657 32.81542 3.15405 
540 8.81805 32.81542 5.07723 
560 21.5464 32.81542 11.53 
580 32.81542 32.81542  
3.3 Ultrafast transient absorption (TA) data analysis 
Besides the emission spectra indicated by TRPL, the absorption spectra of the sample were also of interest. As the 
thickness of the InGaN film˄1micron˅made the films sufficiently transparent for transmission measurements like 
TA. Thus an ultrafast TA of the sample with femtosecond laser pulse was carried out.  
3.3.1 TA spectra analysis 
The general TA spectra for different time delays as well as a particular 2D colour filled contour were shown in 
figure 9. Compared with TRPL spectra, it indicates distinct stokes shift where bandgap shift from around 572nm for 
emission to 560nm for absorption. Further TA dynamic analysis will be shown in the following section.  
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Figure 9. Ultrafast TA spectra for different time delays (left); 2D colour filled TA contour (right). 
3.3.2 TA dynamic analysis 
Since there is a lot of noises in TA results, a series of transient absorption data were treated by averaging. The TA 
data showed distinct single exponential decay with wavelengths from 520nm to 600nm across the 560nm bandgap 
within time delay from 0ps to 100ps. Thus single exponential fitting is used to find the relaxation time of an excited 
electron. TA data with 540nm is plotted as an example in figure 10 below. Around 19.69ps relaxation time was 
determined according to the fitting equation. 
 Yi Zhang et al. /  Energy Procedia  84 ( 2015 )  165 – 175 173
-20 0 20 40 60 80 100
-20
-10
0
dO
D 
(a.
u.)
Time delay (ps)
 540
 ExpGro1 Fit of Sheet1 C"dOD"
Model ExpGro1
Equation y = A1*exp(x/t1) + y0
Reduced Chi-S
qr
0.33883
Adj. R-Square 0.99041
Value Standard Error
dOD y0 -1.42579 0.15559
dOD A1 -16.6246 0.21317
dOD t1 -19.69097 0.78963
dOD k -0.05078 0.00204
dOD tau -13.64874 0.54733
 
Figure 10. TA data and its fitting equation at 540nm. 
 
The relaxation times at other wavelengths are calculated using a similar method. Figure 11 plotted the fitting 
relaxation time with corresponding probed wavelength and the detailed fitting results were shown in the table on the 
right side of the plot. Among the fitting relaxation results, the result at 580nm is much higher than the others which 
can be considered as an outlying point which requires further explanation. For the other wavelengths, it shows that 
the relaxation time became maximum at absorption bandgap of 560nm which is consistent with the prediction that 
relaxation time will reach peak at band edge of both absorption and emission spectra.  
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Figure 11. Relaxation time versus wavelength within wavelength from 520nm to 600nm. 
3.4. Comparison between TRPL and TA 
A set of normalized TRPL and TA with time delay at two wavelengths around the band edge were plotted for 
comparison (see Figure 12). At 560nm, we can see that the TA has slightly lower decreasing rate than that of TRPL. 
While at 580nm, the two curves mostly overlap. This might be due to the fact that at 560nm where the energy is 
higher than the bandgap, the TA (absorption) cooling rate is lower than TRPL. However, at the energy lower than 
the bandgap (580nm), their carrier cooling mechanisms become a similar indicating similar cooling trend.     
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Figure 12. Normalized TRPL and TA at 560 & 580nm for comparison. 
 
A comparison of TA and TRPL is shown in figure 13. In this figure, 570nm becomes the demarcation point where 
the relaxation time of TA data with wavelength shorter than this value is higher than the one of TRPL. Conversely, 
when the wavelength is longer than 570nm this value its corresponding relaxation time of TRPL is higher than that 
of TA. 
 
Figure 13. Comparison of dynamic TA and TRPL data in the form of relaxation time and wavelength. 
 
4. Conclusion 
We study the ultrafast carrier dynamics in a good crystal quality bulk InGaN alloy through TRPL and TA 
measurements in picosecond time scale. The sample was grown by ENABLE which is a relatively new low 
temperature thin film growth method. In accordance to the analysis of TRPL results, the temperature dependent 
relaxation time of the hot carrier was estimated at around 22ps. On the other hand, the TA fitting results also show a 
similar relaxation time. The comparison between these two results indicates that TA shows relatively longer 
relaxation times and gradually increases to be the same as the TRPL value when the detected wavelength is below 
the band edge. The estimated relaxation time is longer than the other similar thick bulk InGaN alloy which indicates 
its potential to be an absorber for the hot carrier solar cell. 
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